This paper compares the measured lateral load behavior of a 0.4-scale "hybrid" precast concrete wall test specimen with the behavior of a second precast specimen designed to emulate monolithic cast-in-place reinforced concrete shear walls. Both walls have the same overall geometry and are constructed by placing rectangular wall panels across horizontal joints. The lateral resistance at the joints of the "emulative" system is provided by mild [i.e., Grade 400 (U.S. Grade 60)] steel bars, whereas the hybrid wall features a combination of mild steel bars and highstrength unbonded post-tensioning (PT) strands. The mild steel reinforcement at the base of both systems is designed to yield and provide energy dissipation, while the unbonded PT steel in the hybrid system also provides self-centering capability to reduce the residual lateral displacements of the structure after a large earthquake. The comparisons between the two walls focus on the applied lateral load versus displacement behavior, energy dissipation, behavior of the steel reinforcement, and behavior along the critical horizontal base-panel-to-foundation joint. Due to the lack of PT steel, the emulative specimen developed a residual uplift along the entire basepanel-to-foundation joint, resulting in excessive horizontal slip, large strength and stiffness degradation, and significant residual lateral displacements. In contrast, the hybrid specimen showed significantly smaller residual uplift, horizontal slip, and strength and stiffness degradation, resulting in excellent re-centering and energy dissipation with ductile behavior over much larger lateral deformations.
INTRODUCTION AND BACKGROUND
As described in detail in Smith et al. (2011) , the hybrid precast wall system investigated in this research utilizes a combination of mild [i.e., Grade 400 (U.S. Grade 60)] steel bars and high-strength unbonded post-tensioning (PT) strands for lateral resistance across horizontal joints. The general test configuration for the hybrid specimen is shown in Figure 1a . Under the application of lateral loads into the nonlinear range, the primary mode of displacement in these walls occurs through gap opening at the base joint. The PT steel is provided by multi-strand tendons placed inside un-grouted ducts to prevent bond between the steel and concrete. Thus, the tendons are connected to the structure only at end anchorages. The emulative wall configuration ( Figure 1b ) uses only mild steel reinforcement with no PT steel.
In both systems, the mild steel bars crossing the horizontal joint at the base are designed to yield and provide energy dissipation through the nonlinear lateral displacements of the structure. A pre-determined length of these bars is unbonded at the bottom of the base panel (by wrapping the bars with plastic sleeves) to prevent lowcycle fatigue fracture. In the case of the hybrid wall, both the PT steel and mild steel contribute to the lateral strength of the structure. Upon unloading, the PT steel provides a restoring force to close the gaps and reduce the residual (i.e., permanent) lateral displacements of the wall after a large earthquake. The use of unbonded PT tendons (as compared to bonded tendons) delays the yielding of the strands and reduces the tensile stresses transferred to the concrete (i.e., reduced cracking) as the tendons elongate under lateral loading.
According to Chapter 21 of ACI 318 (2008) , "a reinforced concrete structural system not satisfying the requirements of this chapter shall be permitted if it is demonstrated by experimental evidence and analysis that the proposed system will have strength and toughness equal to or exceeding those provided by a comparable monolithic reinforced concrete structure satisfying this chapter." The hybrid precast wall system investigated in this research falls within this category of structures that require experimental validation and analysis prior to their use in practice as a primary lateral load resisting system. The roadmap for the seismic performance assessment of hybrid walls is provided by ACI ITG-5.1 (2007) , which lays out the minimum experimental evidence needed for the classification of these walls as special reinforced concrete shear walls based on ACI 318. The emulative system in Figure 1b is also not directly permitted by ACI 318, since unlike the requirements for a monolithic cast-inplace reinforced concrete structure, the longitudinal mild steel reinforcement is lumped near the ends of the wall (i.e., there is no distributed steel crossing the horizontal joints). As compared with a distributed bar arrangement, the lumped reinforcement detail in Figure 1b provides ease of placement during the field erection process. This paper provides a comparative experimental evaluation of these two precast concrete wall systems under reversed-cyclic lateral loading. Ultimately, the goal of this comparison is to investigate the code approval and validation of the walls according to the guidelines, prerequisites, and requirements in ACI ITG-5.1 and ACI 318.
TEST SET-UP AND SPECIMEN PROPERTIES
The tests conformed to the requirements of ACI ITG-5.1. Schematic drawings of the test setup and specimen details are shown in Figures 1 and 2 , respectively. The hybrid specimen was designed as a special reinforced concrete shear wall [within an ASCE 7 (2005) "building frame system"] for a 4-story prototype parking garage with an approximate footprint of 3,770 m 2 (40,600 ft 2 ) in Los Angeles, CA. Both the hybrid wall and emulative wall tests were conducted at 0.40-scale, which satisfies the minimum scaling limit of ACI ITG-5.1. The specimens featured two panels: the base panel representing the 1 st story of the structure and the upper panel representing the 2 nd through 4 th stories, thereby satisfying the ACI ITG-5.1 requirement for testing multi-panel walls (such that an upper panel-to-panel joint as well as the base-panelto-foundation joint are evaluated). The 0.40-scale wall length, l w , was 243 cm (96 in.), base panel height, h pb , was 145 cm (57.5 in.), and wall thickness, t w , was 15.9 cm (6.25 in.). It was possible to test the upper story panels of the 4-story prototype wall as a single panel since the joints between these upper panels were designed to have no nonlinear behavior and no gap opening. The lateral load was applied 3. ft) from the wall base (near the resultant location of the 1 st mode inertial forces), resulting in a wall base moment to shear ratio of M b /V b =1.5l w . An external downward axial load of about 325 kN (73 kips) was applied at the center of the top of each specimen to simulate the service-level tributary gravity loads acting on the prototype structure.
The hybrid wall specimen was designed using the requirements and guidelines of ACI ITG-5.2 (2009) , ACI-318, and ASCE 7 (2005) . More information on the design of this wall as well as the results from a pre-test analytical study can be found in Smith and Kurama (2009) and Smith et al. (2011) . The structure was designed for a full-scale base moment strength of 24,400 kN-m (18,000 kip-ft) and a "validationlevel" wall drift prescribed by ACI ITG-5.1 (2007) as:
where, h w =height to the top of the wall; and l w =length of the wall. The wall drift, ∆ w is defined as the lateral displacement at the top of the wall divided by the wall height. For the given wall dimensions, the resulting validation-level drift is ∆ wm =2.30%. The design of the emulative wall was conducted for the same lateral force and displacement requirements as the hybrid wall according to ACI 318. Both specimens were designed with minimal overstrength in order to test the limits of the design requirements and procedures. Most of the design parameters remained consistent between the two specimens, with the primary exception of the reinforcement details.
In the hybrid system (Figure 2a ), the PT steel consisted of two tendons located 27.9 cm (11 in.) north and south from the wall centerline. The tendons were placed near the wall centerline to reduce the strand strains and also keep the PT ducts away from the critical confined toe regions of the wall. Each tendon contained three 1.3-cm diameter (0.5-in.) strands [design ultimate strength, f pu =1862 MPa (270 ksi)] with an unbonded length from the top of the wall to the bottom of the foundation beam of about 5.48 m (18 ft). The average initial tendon stress, calculated from the measured individual strand forces prior to the application of the lateral load, was f pi =0.54f pu . The mild steel crossing the base joint in the hybrid specimen (i.e., energy dissipating steel) consisted of four 19-mm diameter (U.S. No. 6) bars [measured yield strength, f sy =448 MPa (65 ksi), and yield strain, ε sy =0.0023 cm/cm], with one pair of bars placed 19.0 cm (7.5 in.) north and south from the wall centerline and the other pair 8.9 cm (3.5 in.) north and south from the centerline. The energy dissipating bars were unbonded over a length of 38.1 cm (15 in.) at the bottom of the base panel. Across the upper panel-to-panel joint, only two 19-mm diameter bars were used, with one bar 10.2 cm (4 in.) from each end of the wall. This reinforcement was designed not to yield so as to limit any gap opening along the panel-to-panel joint. To prevent strain concentrations in the panel-to-panel joint reinforcement, a short 7.6-cm length (3-in.) of the bars was unbonded at the bottom of the upper panel. The design unconfined concrete strength for the wall was 41 MPa (6.0 ksi) and the design confined concrete strength (at the toes of the base panel) was 62 MPa (9.0 ksi). The measured unconfined concrete strength for the base panel was 55 MPa (8.0 ksi) on the day that the wall was tested. At the base and panel-to-panel joints, fiber-reinforced grout (with polypropylene microfilament fibers at 0.065% by volume) was used. The test-day strength of the grout at the base joint was 58 MPa (8.4 ksi).
The steel reinforcement crossing the base joint in the emulative specimen ( Figure 2b ) consisted of six 22-mm diameter (U.S. No. 7) bars [measured yield strength, f sy =427 MPa (62 ksi), and yield strain, ε sy =0.0035 cm/cm], with three bars placed at each end of the wall [located 17.8 cm (7 in.), 30.5 cm (12 in.), and 43.2 cm (17 in.), respectively, from the wall end]. The bars were unbonded over a length of 55.9 cm (22 in.) at the bottom of the base panel. Across the upper panel-to-panel joint, six 22-mm diameter bars were used, with three bars at each end of the wall [located 12.7 cm (5 in.), 25.4 cm (10 in.), and 38.1 cm (15 in.) from the ends of the wall]. As in the case of the hybrid specimen, this reinforcement was designed not to yield so as to limit any gap opening or slip along the panel-to-panel joint. A 7.6-cm length (3-in.) of the bars was unbonded at the bottom of the upper panel to prevent strain concentrations in the joint reinforcement. Similar to the hybrid wall, the design unconfined concrete strength for the emulative wall was 41 MPa (6.0 ksi) and the design confined concrete strength (at the toes of the base panel) was 63 MPa (9.1 ksi). The measured unconfined concrete strength for the base panel of the emulative wall was 45 MPa (6.6 ksi) on the day that the wall was tested, which is smaller than the measured concrete strength for the hybrid wall. The test-day strength of the fiberreinforced grout at the base joint of the emulative wall was 39 MPa (5.6 ksi). Figure  3 shows the reversedcyclic lateral displacement history used in the testing of each specimen. The wall drift, ∆ w (positive with the wall displaced southward), was measured as the relative lateral displacement of the wall between the lateral load location and the foundation divided by the height to the lateral load. The hybrid specimen was able to sustain two fullyreversed drift cycles at ∆ w =±2.30% (i.e., the validation-level drift) followed by a greater drift cycle of =±2.95%. In comparison, the emulative wall failed after three fully-reversed drift cycles to ∆ w =±1.15%. Figure 4a shows the hybrid specimen at ∆ w =+2.95% (note the gap opening along the base joint at the north end). While crushing of the confined concrete was observed at the wall toes, the total strength loss at the completion of the drift history in Figure 3a was less than 20%, thus satisfying the ACI ITG-5.1 requirement for validation. Additional loading of the wall beyond the required displacement history resulted in further strength loss and subsequent failure of the specimen (defined by ACI ITG-5.1 as the drift at which the total strength loss exceeds 20%). The damage to the wall was limited to the base panel, with no concrete cracking or crushing in the upper panel and no significant gap opening or slip in the upper panel-to-panel joint. Similarly, Figure 4b shows the emulative wall at the third cycle to ∆ w =+1.15%. While the crack widths generally remained small, the cracking was considerably more extensive than in the hybrid wall and extended high into the upper panel. Failure of the emulative specimen occurred relatively early due to the uplift of the wall from the foundation (i.e., a gap formed along the entire base joint when the wall was returned to ∆ w =0%), which resulted in excessive horizontal slip at the base together with large strength and stiffness degradation. Under load reversal with increasing slip, the concrete around the mild steel bars crossing the base joint began to deteriorate due to the shear force transfer from the bars to the surrounding concrete, eventually resulting in localized splitting of the wall panel around the bars. No significant slip or gap opening was observed in the upper panel-to-panel joint. The maximum base shear resistance of the hybrid wall was 551 kN (124 kips) reached at ∆ w =+1.55%, the resistance at the validation drift (∆ wm = +2.30%) was 507 kN (114 kips), and the resistance at ∆ w =+2.95% was 443 kN (99.5 kips). The specimen behaved in a reasonably symmetrical manner in the positive and negative directions, while also exhibiting excellent re-centering capability and energy dissipation. The total strength loss from the maximum base shear resistance to the peak resistance during the final drift cycle to ±2.95% was approximately 19.9% and 13.8% in the positive and negative directions, respectively, which are both within the 20% strength loss limit prescribed by ACI ITG-5.1.
MEASURED BEHAVIOR OF SPECIMENS
The maximum base shear resistance of the emulative wall was 534 kN (120 kips) reached at ∆ w =+1.15%. Until the yielding of the mild steel bars crossing the base joint, the emulative and hybrid wall behaviors were similar (with the exception of more widespread hairline cracking in the emulative system). However, upon unloading from significant tensile yielding of the mild steel bars, the re-centering capability of the emulative wall was limited. Without the PT force, the restoring effect of the 325-kN (73-kip) tributary gravity load applied at the top of the wall and the 40-kN (9-kip) self-weight of the specimen [total 365-kN (82-kip) gravity load] was not sufficient to fully yield the bars back in compression (i.e. return to essentially zero elongation of the bars) and close the gap at the base joint. Upon reloading, the nonlinear behavior and failure of the wall was dominated by excessive horizontal slip at the base joint, with relatively small gap opening as compared to the hybrid specimen. The behavior of the emulative wall in the positive and negative directions was somewhat unsymmetrical (e.g., the maximum base shear resistance in the negative direction was only 467 kN (105 kips)], which occurred due to different amounts of slip in the two directions. The specimen failed during the third cycle to ∆ w =+1.15%, as the total strength loss from the maximum base shear resistance to the peak resistance was 32.5% in the positive direction (a smaller 11.1% total strength loss occurred in the negative direction).
Energy Dissipation. The primary source of energy dissipation in both wall systems is the yielding of the mild steel reinforcement over the unbonded length of the bars at the bottom joint. To quantify the energy dissipation of the structure, ACI ITG-5.1 uses the energy dissipation ratio, β, which is defined as "the ratio of the measured energy dissipated by the test module during reversing cyclic displacements between given measured drift angles to the maximum theoretical energy that can be dissipated for the same drift angles." ACI ITG-5.1 requires that β be not less than 0.125 at the validation-level drift.
The solid and dashed lines in Figure 6 show the measured energy dissipation ratio, β of the hybrid and emulative walls, respectively, plotted against the wall drift. The last cycle for each drift level was used to calculate β. It can be seen that both specimens satisfied the ACI ITG-5.1 minimum β requirement at moderate drift levels and continued to exceed the minimum requirement until the end of the test. As expected, the emulative wall demonstrated larger energy dissipation than the hybrid wall since about 41% of the base moment strength of the hybrid wall was provided by unbonded PT steel, which remained linear-elastic during most of the test.
Energy Dissipating Mild Steel Strains.
Since the mild steel bars crossing the basepanel-to-foundation joint serve as the main energy dissipater for the wall system, it is essential for these bars to yield significantly but not fracture during the loading history up through the validation drift. Figure 7a shows the four mild steel bars at the base of the hybrid specimen prior to the placement of the concrete. The 38.1-cm (15-in.) long plastic-wrapped unbonded length of the bars can be seen in the photograph. The wrapping was done to reduce the steel strains and thus, prevent lowcycle fatigue fracture as the wall was displaced. Similarly, Figure 7b shows the mild steel bars at the south end of the emulative base panel. Since the reinforcement in the emulative wall was placed at the ends of the panel rather than near the centerline, larger bar elongations were expected. Therefore, a longer 55.9-cm (22-in.) unbonded length was used in the emulative wall.
Figure 8a shows the measured (using strain gauges placed within the unbonded length) and predicted [using the pre-test design procedure described in Smith et al. (2011)] strains for the south intermediate energy dissipating bar in the hybrid specimen [located 8.9 cm (3.5 in.) from the wall centerline]. For clarity, the measured bar strains are shown at the third cycle of each wall drift increment instead of the full cyclic strain history. In general, the measured and predicted strains compare favorably. Note that due to gauge failure, measurements could only be taken up to a maximum strain of 0.0275 cm/cm at ∆ w =+1.55%. As designed, the bars yielded (measured yield strain, ε sy =0.0023 cm/cm) relatively early in the loading history and the test was completed with no undesirable behavior of the steel (i.e., no bar fracture, observable slip, or buckling). Similarly, Figure 8b shows the mild steel strains for the south intermediate bar in the emulative wall [located 30.5 cm (12 in.) from the wall end]. Again, the bars were designed to yield relatively early in the test; however, due to the small gap opening displacements at the base of the wall, the actual axial bar strains remained relatively small. The pre-test design calculations were also based on the axial strains of the bars due to gap opening; and thus, the predictions significantly overestimated the measured strains (e.g., at the maximum drift of ∆ w =+1.15%, the measured and predicted steel strains were 0.0135 cm/cm and 0.0375 cm/cm, respectively).
PT Steel Behavior. The PT steel provides the main restoring force for the hybrid system, ensuring that the gap at the wall base is fully closed upon unloading (which requires that the mild steel bars yield back in compression) and allowing the structure to return to its initial undisplaced position after being subjected to significant lateral loading. Figure 9 depicts this restoring force by plotting the normalized average stress in each of the north and south tendons [calculated as the sum of the measured strand forces divided by A p f pu , where A p is the total area of the three 1.3-cm diameter (0.5-in.) strands in each tendon and f pu =1862 MPa (270 ksi) is the design strength of the strands]. The differences in the north and south tendon stresses are due to the different elongations of the two tendons as the wall was displaced laterally. Consistent with the design expectations, the PT tendons remained essentially linear-elastic until ∆ w =1.55%, which was possible since the strands were unbonded over their length. The average stresses for the north and south tendons were 0.85 and 0.65f pu , respectively, at the validation-level drift of ∆ wm =+2.30%. Considerable stress losses can be seen in the tendons upon unloading from the ∆ w =±2.95% cycle; however, despite this loss, the residual drift of the wall at the end of the test was negligible (see Figure 5a) .
Wall Uplift. The vertical displacement at the top of the wall, which is related to the gap opening along the horizontal joints, can be used to estimate the uplift (or axial elongation) of the test specimens. For this purpose, Figure 10 shows the residual axial elongation measured at the centerline of each wall at the location of the applied lateral load after the completion of each drift series (i.e., after unloading from the last cycle in each drift increment). The accumulation of this residual elongation (upwards positive) represents a reduction or loss of self-centering. In the hybrid specimen, the axial elongation did not start to accumulate until the ∆ w =±1.55% drift cycles, with a maximum residual elongation of 0.25 cm (0.10 in.) upon unloading from ∆ w =±2.95%. This small amount of uplift did not affect the performance of the wall in any undesirable way. In contrast, the emulative wall accumulated significantly greater axial elongations beginning from the ∆ w =±0.27% cycles, with a maximum uplift of 0.61 cm (0.24 in.) after the last cycle to ∆ w =±1.15%. The large differences between the axial elongations of the two walls are related to the PT steel. In both specimens, the tensile yielding of the energy dissipating mild steel reinforcement across the base joint resulted in the plastic elongation of the bars during the loading of the wall. Upon unloading of the hybrid specimen, the restoring force provided by the PT steel and the total gravity load [365 kN (82 kips)] caused the mild steel to yield in compression and return to essentially zero elongation, thus fully closing the gap at the base joint. The accumulation of residual axial elongations, which did not start until the ∆ w =±1.55% cycles, coincided with the accumulation of PT stress losses (see Figure  9 ). In the case of the emulative specimen, once the mild steel bars yielded in tension, the gravity load alone was not large enough to return the bars to the zero elongation state. Over successive loading/unloading cycles with increasing wall drift, the residual tensile deformations in the bars resulted in the complete uplift of the wall (i.e., gap over the entire length of the base joint), overcoming the downward force from the gravity load. As shown in Figure 10 , the axial elongation of the emulative specimen accumulated rapidly, ultimately leading to the failure of the structure due to excessive horizontal slip with large strength and stiffness degradation.
Horizontal Slip at Wall Base. By measuring the relative horizontal displacements between adjacent points on either side of the base-panel-tofoundation joint, the horizontal slip at the wall base was determined. The solid lines in Figure 11 show the measured horizontal slip at the centerline of the hybrid wall for loading in the positive and negative directions during the third cycle in each drift series [except for the final drift series where the first cycle (∆ w =±2.30%) and the third cycle (∆ w =±2.95%) slips are plotted]. The slip at the base was small [with a maximum slip of about 0.31 cm (0.12 in.) at ∆ w =-2.95%] and did not negatively affect the performance of the wall. Moreover, the crushing of the concrete at the wall toes did not result in a disproportionate accumulation of slip. No slip was observed at the upper panel-to-panel joint of the wall.
For the emulative specimen (dashed lines in Figure 11 ), the measured slip at the base joint was much larger, with a maximum value of 2.4 cm (0.93 in.) at the third cycle of ∆ w =-1.15% [again, the plot shows slip measurements for the third cycle in each drift series, except for the last drift series (∆ w =±1.15%) where the first and third cycle slips are plotted]. The amount of slip was considerably greater in the negative loading direction. The slip displacements accumulated rapidly beginning from the ∆ w =±0.27% cycles when, as shown in Figure 10 , the accumulation of wall uplift also initiated. Upon reloading from a configuration with complete uplift at the base, the mild steel bars were the only components transferring shear forces from the wall into the foundation until the lateral displacement was large enough to close the gap at the compression toe of the wall. The concrete around the mild steel bars began to deteriorate due to this shear force transfer, eventually resulting in the localized splitting of the base panel around the bars (see Figure 4) .
At the point when slip at the base joint started to rapidly accumulate in the emulative specimen (i.e., at the first loading of the wall to ∆ w =+0.27%), an estimate of the coefficient of shear friction can be made by dividing the measured base shear force [374 kN (84 kips)] with the compression force transferred through the contact region [comprised of the measured total gravity load, 365 kN (82 kips) and the total force in the tensile mild steel bars, 552 kN (124 kips), where the mild steel stresses were determined using the measured strains and the measured monotonic stress-strain relationship for the bars]. The resulting coefficient of shear friction is equal to 0.41, which is considerably smaller than the value of 0.50 recommended by ACI ITG-5.2 for the base-panel-to-foundation joint. Note that ACI ITG-5.2 also recommends a friction coefficient of 0.60 for the upper panel-to-panel joint; however, an estimate for this coefficient could not be made from the tests since no significant slip was observed at the upper joint of the walls.
SUMMARY AND CONCLUSIONS
This paper compares the measured lateral load behavior of a 0.4-scale hybrid precast concrete shear wall specimen with the behavior of an emulative precast wall. The results demonstrate the tremendous potential for the use of the hybrid wall system as special reinforced concrete shear walls in high seismic regions, while also revealing the potential limitations of the emulative system tested in this research. Based on the measured and observed results, the following conclusions were made:
The hybrid wall specimen demonstrated full re-centering capability while also providing large energy dissipation due to the combination of unbonded posttensioning steel with yielding mild steel reinforcement across the base-panelto-foundation joint. The behavior of the hybrid wall was consistent with the design predictions. The damage in the hybrid specimen was limited to the base panel. The hybrid specimen sustained three fully-reversed drift cycles of magnitude equal to or greater than the validation-level drift prescribed by ACI ITG-5.1. While the emulative wall specimen demonstrated excellent energy dissipation from the yielding of the mild steel reinforcement across the base joint, the lack of post-tensioning steel resulted in unsatisfactory re-centering capability.
Insufficient restoring force allowed the emulative specimen to develop a residual gap along the entire length of the base joint, causing excessive horizontal slip at the base. The excessive horizontal slip caused large strength and stiffness degradation of the emulative wall, and ultimately led to the failure of the specimen at a relatively small drift.
